Introduction {#S0001}
============

Voltage-gated ion channels play crucial roles in pain, and various types of ion channel antagonists have been developed for pain management. Sodium channel blockers have been widely used as local anesthetics. These types of drugs inhibit the generation and propagation of neuronal membrane action potentials by blocking voltage-gated sodium channels.[@CIT0001] In addition to their usefulness as local anesthetics, sodium channel blockers have also been demonstrated to have systemic analgesic effects.[@CIT0002]--[@CIT0004] Voltage-gated calcium channels mediate intracellular calcium levels and play a pivotal role in synaptic transmission.[@CIT0005],[@CIT0006] When the action potential reaches the nerve terminal, presynaptic voltage-gated calcium channels open. The influx of calcium ions triggers the release of neurotransmitters such as glutaminate and substance *P* into the synaptic cleft. The neurotransmitters cross the synapse and bind to neuroreceptors, resulting in a signal in the post-synaptic neuron.[@CIT0005],[@CIT0006] Gabapentin and pregabalin mediate the function of voltage-gated calcium channels, and block neurotransmission. They are commercially available drugs, and have been widely used to treat chronic pain.

Amiodarone is one of the most effective drugs for the treatment of life-threatening arrhythmia. Although it is classified as a Vaughan-Williams class Ⅲ antiarrhythmic drug, amiodarone acts as a multiple channel blocker and its characteristics cover all four classes.[@CIT0007]--[@CIT0009] In addition to its inhibitory effects on potassium channels, amiodarone also blocks voltage-gated sodium and calcium channels[@CIT0007]--[@CIT0009] and β-adrenergic receptors.[@CIT0010] Previous studies have shown that a blockage of β-adrenergic receptors can also induce analgesic effect.[@CIT0011],[@CIT0012] Given these considerations and the multimodal pharmacological profile of amiodarone, there is a possibility that amiodarone possesses antinociceptive properties.

Patients who present with life-threatening arrhythmia and receive amiodarone frequently have various cardiovascular risk factors. Although pain plays an important role as a clinical indicator of acute cardiovascular events, the analgesic property of amiodarone and its mechanism have been poorly understood.

Therefore, the aims of this study were to investigate antinociceptive effects of amiodarone and the associated underlying mechanisms using experimental murine models of pain.

Methods {#S0002}
=======

All experiments were conducted in accordance with the International Association for the Study of Pain and National Institutes of Health guidelines. The experimental protocol was reviewed and approved by the University of Yamanashi Animal Care Committee.

Animals {#S0002-S2001}
-------

Male C57B6 mice (age, 8--10 weeks; weight, 20--25 g) were purchased from Japan SLC (Tokyo, Japan). The mice were housed at 23±2 °C under a 12 h light--dark cycle with free access to standard food and water. All experiments were performed between 09:00 and 17:00, under normal room light and at 23±2 °C.

Drugs {#S0002-S2002}
-----

Amiodarone (Sanofi K.K., Tokyo, Japan), veratrine (Santa Cruz Biotechnology, Dallas, TX), NS1643 (Abcam, Cambridge, England), and isoproterenol (Kowa Pharmaceutical, Tokyo, Japan) were dissolved or suspended in normal saline. BAYK8644 (Abcam, Cambridge, England) was dissolved in dimethyl sulfoxide and diluted with normal saline (the final concentration of dimethyl sulfoxide was 0.5%). All drugs were freshly prepared before use and administered intraperitoneally. The dose of amiodarone (50 mg/kg) was decided based on the estimated body surface area of mice used in the present study (0.008 m^2^)[@CIT0013] and the average body surface area of an adult human (1.86 m^2^),[@CIT0014] and is considered equivalent to the clinical dosage for an adult human (300 mg). Other doses of amiodarone (25, 100, and 200 mg/kg), and antagonists were chosen based on previously published data.[@CIT0015]--[@CIT0019]

Antinociceptive activity tests {#S0002-S2003}
------------------------------

In the acetic acid-induced writhing test,[@CIT0020] mice were injected intraperitoneally with 0.01 ml/g of 1% acetic acid (Hayashi Pure Chemical, Osaka, Japan) in normal saline and were placed in an observation chamber. The number of nociceptive movements (writhing movements) was counted during a 15-min period starting 5 min after the injection of acetic acid. Typical nociceptive movements observed in this test are arching of the back, body stretching, and extension of the forelimbs.[@CIT0021]

In the formalin test,[@CIT0022] mice were gently restrained in a cloth pocket, and 0.01 ml of 5% formalin (Muto Pure Chemicals, Tokyo, Japan) in normal saline was injected subcutaneously into their right dorsal hind paws of mice by using a 30-gauge needle. The mice were then put back into an observation chamber, and the observation period was started. The durations of licking and biting responses directed at the right hind paw were measured using a stopwatch from 0 to 5 min (phase I) and from 15 to 30 min (phase II) immediately after the formalin injection. Phase I represents a period of direct pain response caused by the chemical effect of formalin on sensory C fibers, while phase II response is caused by local inflammation and the release of algesic mediators.[@CIT0023]

Nociceptive response to thermal stimuli was assessed using the tail withdrawal test.[@CIT0020] In this test, the mice were gently restrained in a cloth pocket, and the distal half of the tail was immersed into a thermostatically-controlled water bath. The mice were tested successively at three different temperatures in an increasing order (45, 50, and 55 °C). Tail withdrawal latencies were measured using a stopwatch with an interval time of 10 min between each trial. A cut-off time of 25 s for withdrawal was set to avoid the tissue damage.

Hemodynamic measurements {#S0002-S2004}
------------------------

To evaluate the effects of amiodarone on hemodynamic functions, heart rate and non-invasive blood pressure were measured using a tail-cuff monitor (Softron, Tokyo, Japan). Values were recorded before the administration of amiodarone or saline, and 1 h thereafter.

Spontaneous activity test {#S0002-S2005}
-------------------------

Possible sedative effects of amiodarone were evaluated using the open-field test.[@CIT0024],[@CIT0025] Mice were placed into a 50×50×50-cm observation chamber, the floor of which was demarcated with a 5×5 grid containing a total of twenty-five 10×10 cm-sized squares. The number of squares crossed with all paws during a 5 min period was counted.

Dose responses {#S0002-S2006}
--------------

Mice were randomly assigned to either the control group or to one of the amiodarone groups (25, 50, 100, or 200 mg/kg). First, mice were habituated to an observation chamber for 30 min. They then received single bolus intraperitoneal injections of amiodarone at doses of 25, 50, 100, or 200 mg/kg (amiodarone groups), or of normal saline (control group, n=10 each). One hour thereafter, the antinociceptive activity of amiodarone was evaluated via the acetic acid-induced writhing test, formalin test, and tail withdrawal test. The effects of amiodarone on heart rate, mean arterial pressure, and spontaneous activity were also investigated before the antinociceptive activity tests. Ten mice per group were used in these experiments.

Mechanism investigations {#S0002-S2007}
------------------------

The potassium channel agonist NS1643, voltage-gated sodium channel agonist veratrine, calcium channel agonist BAYK8644, and the selective β-adrenergic agonist isoproterenol were used to investigate potential mechanisms of the antinociceptive properties of amiodarone. Mice were habituated to an observation chamber for 30 min, then received a single bolus intraperitoneal injection of either normal saline (control), 100 mg/kg amiodarone alone, agonist alone, or 100 mg/kg amiodarone + agonist (n=8 each). The effects of each agonist on amiodarone-induced analgesic responses were assessed via the acetic acid-induced writhing test in separate groups using the following different doses: NS1643, 1.5, 6, and 24 mg/kg; veratrine, 0.125, 0.5, and 2 mg/kg; BAYK8644, 0.5, 2, and 8 mg/kg; and isoproterenol, 0.04, 0.16, and 0.56 mg/kg. In the agonist alone group, each drug was used at the highest dose (NS1643, 24 mg/kg; veratrine, 2 mg/kg; BAYK8644, 8 mg/kg; isoproterenol, 0.56 mg/kg).

As a next step, the effects of veratrine on amiodarone-induced analgesic responses were tested via the formalin test and tail withdrawal test. Mice received a single bolus intraperitoneal injection of either normal saline (control), 100 mg/kg amiodarone alone, or amiodarone 100 mg/kg + veratrine 2 mg/kg (n=4 each).

Statistical analysis {#S0002-S2008}
--------------------

All values are presented as means ± standard deviations. Statistical analysis was performed using Prism 6 software (GraphPad Software, San Diego, CA). Subgroup comparisons were analyzed via one-way (the writhing test and formalin test) or two-way (tail withdrawal test) analysis of variance, followed by Dunnett test. *p*\<0.05 was considered statistically significant. Each experimental sample size was calculated to detect a difference in pain responses of 10% while providing 80% power with an α level of 0.05 (G\*Power 3.1.9.3).

Results {#S0003}
=======

In the acetic acid-induced writhing test, intraperitoneal administration of amiodarone significantly reduced pain responses in a dose-dependent manner (control, 46.0±12.1; amiodarone 25 mg/kg, 47.3±9.8, *p*=0.998; amiodarone 50 mg/kg, 31.1±13.7, *p*\<0.05; amiodarone 100 mg/kg, 20.6±11.4, *p*\<0.001; amiodarone 200 mg/kg, 1.4±2.1, *p*\<0.0001; n=10 each) ([Figure 1A](#F0001){ref-type="fig"}). Amiodarone at doses of 100 and 200 mg/kg also reduced pain responses in the formalin test (phase I: control, 81.9±19.8; amiodarone 100 mg/kg, 55.5±12.1, *p*\<0.01; amiodarone 200 mg/kg, 4.3±4.6, *p*\<0.0001; phase II: control, 127.6±18.9; amiodarone 100 mg/kg, 72.0±44.8, *p*\<0.01; amiodarone 200 mg/kg, 8.0±5.1, *p*\<0.0001; n=10 each) ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}). In the tail withdrawal test, amiodarone at doses of 100 and 200 mg/kg also increased the withdrawal latency (50 °C: control, 2.2±1.0; amiodarone 200 mg/kg, 6.5±3.0, *p*\<0.01; 55 °C: control, 0.9±0.3; amiodarone 100 mg/kg, 3.9±0.5, *p*\<0.05; amiodarone 200 mg/kg, 4.8±1.2, *p*\<0.01; n=8 each) ([Figure 1D](#F0001){ref-type="fig"}),Figure 1Analgesic responses induced by amiodarone. (**A**) Acetic acid-induced writhing test. At doses of 50 mg/kg and higher, amiodarone significantly reduced nociceptive responses in a dose-dependent manner. (**B**) Formalin test, phase I. At doses of 100 and 200 mg/kg, amiodarone significantly reduced nociceptive response. (**C**) Formalin test, phase II. At doses of 100 and 200 mg/kg, amiodarone significantly reduced nociceptive response. (**D**) Tail withdrawal test. At doses of 100 and 200 mg/kg, amiodarone significantly increased the withdrawal latency. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001, \*\*\*\**p*\<0.0001.**Abbreviation:** AMD, amiodarone.

As shown in [Figure 2](#F0002){ref-type="fig"}, while amiodarone at doses of 100 mg/kg or lower did not affect hemodynamic status or spontaneous activity, amiodarone at the highest dose (200 mg/kg) significantly reduced heart rate, mean arterial pressure, and spontaneous activity (heart rate: control, 473±64; amiodarone 200 mg/kg, 399±37 beats/min, *p*\<0.05; mean arterial pressure: control, 76±12; amiodarone 200 mg/kg, 59±10 mmHg, *p*\<0.05; spontaneous activity: control, 249±41; amiodarone 200 mg/kg, 134±97, *p*\<0.01; n=10 each).Figure 2Effects of amiodarone on hemodynamic status and spontaneous activity. (**A**) Heart rate 1 h after administration of either normal saline (control group) or amiodarone (amiodarone groups). (**B**) Mean blood pressure 1 h after the administration of either normal saline (control group) or amiodarone (amiodarone groups). (**C**) Number of squares crossed during the open-field test. \**p*\<0.05, \*\**p*\<0.01.**Abbreviation:** AMD, amiodarone.

As a next step, the voltage-gated sodium channel opener veratrine, the calcium channel opener BAYK8644, the potassium channel opener NS1643, and the selective β-adrenergic agonist isoproterenol were used to investigate mechanisms potentially involved in the above-described results. As shown in [Figure 3](#F0003){ref-type="fig"}, the analgesic effects of amiodarone were abolished by veratrine (amiodarone 100 mg/kg, 19.5±6.9; amiodarone 100 mg/kg + veratrine 0.5 mg/kg, 35.6±7.4, *p*\<0.05; amiodarone 100 mg/kg + veratrine 2 mg/kg, 50.1±14.1, *p*\<0.0001; n=8 each) but not by BAYK8644, NS-1643, or isoproterenol. When administered alone, veratrine, BAYK8644, NS1643, and isoproterenol did not affect nociceptive responses in the writhing test. Veratrine 2 mg/kg also reversed the antinociceptive effects of amiodarone in the formalin test and tail withdrawal test (formalin test phase I: control, 94.0±9.6; amiodarone 100 mg/kg, 58.5±8.3, *p*\<0.01; amiodarone 100 mg/kg + veratrine 2 mg/kg, 90.8±15.8, *p*=0.892; formalin test phase II: control, 127.0±27.1; amiodarone 100 mg/kg, 77.3±23.8, *p*\<0.05; amiodarone 100 mg/kg + veratrine 2 mg/kg, 120.5±12.0, *p*=0.882; tail withdrawal test (55 °C): control, 1.0±0.2; amiodarone 100 mg/kg, 3.2±1.3, *p*\<0.05; amiodarone 100 mg/kg + veratrine 2 mg/kg, 1.8±0.9, *p*=0.435; n=4 each) ([Figure 4](#F0004){ref-type="fig"}).Figure 3Effects of each selective agonist on analgesic responses induced by amiodarone during the acetic acid-induced writhing test. (**A**) Veratrine, a voltage-gated sodium channel opener. (**B**) BAYK8644, an L-type calcium channel opener. (**C**) NS1643, voltage-gated potassium channel (Kv 11.1) opener. (**D**) Isoproterenol, a β-adrenergic receptor agonist. The analgesic effects of amiodarone (100 mg/kg) were abolished by veratrine but not by BAYK8644, NS1643, or isoproterenol. When administered alone, veratrine, BAYK8644, NS1643, and isoproterenol did not affect nociceptive responses in the writhing test. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001 compared with the control group. †*p*\<0.05, ††*p*\<0.01, †††*p*\<0.001, ††††*p*\<0.0001 compared with the amiodarone alone group.**Abbreviations:** N, NS1643; A, amiodarone; V, veratrine; B, BAYK8644; I, isoproterenol.Figure 4Effects of veratrine on analgesic responses induced by amiodarone during the formalin test and tail withdrawal test. (**A**) Formalin test, phase I. (**B**) Formalin test, phase II. (**C**) Tail withdrawal test at 55 °C. Veratrine 2 mg/kg reversed the antinociceptive effects of amiodarone in the formalin test and tail withdrawal test. \**p*\<0.05 .**Abbreviations:** A, amiodarone; V, veratrine.

Discussion {#S0004}
==========

In the present study, amiodarone demonstrated dose-dependent analgesic effects in experimental murine pain models. The highest dose of amiodarone (200 mg/kg) induced strong analgesic responses accompanied by reduced spontaneous activity. This dose of amiodarone also affected hemodynamic state and reduced the heart rate and arterial blood pressure. In contrast, 50 and 100 mg/kg amiodarone doses induced milder analgesic responses without affecting the spontaneous activity or hemodynamic state. Based on body surface area, 50 mg/kg amiodarone dose is considered equivalent to the adult human dosage used during cardiopulmonary resuscitation.[@CIT0013],[@CIT0014] Thus, the present results suggest that amiodarone at the clinical dose can exert mild analgesic effects without affecting heart rate or blood pressure. The results also suggest that amiodarone may have strong antinociceptive activity when used at doses that exceed the clinical dose. In addition, at very high doses such as 200 mg/kg, amiodarone may have sedative effects that may result in the antinociceptive effects observed in this study.

The pharmacological profile of amiodarone is complex.[@CIT0007]--[@CIT0009] In addition to affecting potassium channels, amiodarone exerts inhibitory effects on voltage-gated sodium channels (Nav), L-type calcium channels (Cav 1), and β-adrenergic receptors. Therefore, in the current study we investigated the effects of selective agonists of these ion channels and receptors in an effort to clarify mechanisms underlying the antinociceptive activity of amiodarone. The results indicated that amiodarone exerted analgesic effects by blocking voltage-gated sodium channels, because only veratrine, a selective opener of voltage-gated sodium channels, abolished amiodarone's analgesic effects.

Systemic analgesic effects of voltage-gated sodium channel blockers, including lidocaine, mexiletine, and flecainide, have been demonstrated in both experimental and clinical studies.[@CIT0002],[@CIT0026]--[@CIT0029] It is known that the inhibitory effects of amiodarone on voltage-gated sodium channels are mainly on the fast inward sodium current and are both use- and dose-dependent,[@CIT0007] thus resembling the pharmacological characteristics of lidocaine. Therefore, it is not surprising that amiodarone can exert analgesic effects by blocking voltage-gated sodium channels, as does lidocaine. Datta et al have reported that amiodarone attenuates hyperalgesia in an experimental neuropathic pain model and suggested that this effect may come from sodium channel blockage.[@CIT0030] Our results support their hypothesis and demonstrated that amiodarone exerts its analgesic effects via the blockage of voltage-gated sodium channels and that the inhibitory effects of amiodarone on calcium and potassium channels and on β-adrenergic receptors are unlikely to be involved in its analgesic effects. Our study also demonstrates that systemically administered amiodarone can attenuate not only neuropathic pain but also nociceptive pain.

With regard to calcium channels, amiodarone inactivates the L-type voltage-gated calcium channels (Cav 1) and blocks inward calcium current.[@CIT0007],[@CIT0008],[@CIT0031] Accumulating evidence suggests that voltage-gated calcium channels have pivotal roles in pain signaling, and that the blockage of voltage-gated calcium channels leads to antinociception.[@CIT0032]--[@CIT0034] Notably, however, these effects are mainly associated with the blockage of N-type channels (Cav 2.2) and T-type channels (Cav 3.2).[@CIT0005],[@CIT0006],[@CIT0032],[@CIT0034] While some studies have reported the involvement of L-type channels in pain and antinociception at the spinal level,[@CIT0035],[@CIT0036] systemic L-type channel blockage is not likely to have any analgesic effect.[@CIT0037]

With regard to potassium channels, acute application of amiodarone mainly inactivates the voltage-gated potassium channel 11.1 (Kv 11.1), and blocks the delayed rectifier potassium current.[@CIT0007],[@CIT0008],[@CIT0038] Previous studies have revealed the involvement of several types of voltage-gated potassium channels, such as Kv 1, Kv 2, Kv 3, Kv 4, and Kv 7.1 in chronic and neuropathic pain.[@CIT0039],[@CIT0040] Enhancement of these types of potassium channels may suppress cellular hyperexcitability and reduce pain.[@CIT0039],[@CIT0040] In contrast, the involvement of Kv 11.1 and delayed rectifier potassium current on pain has not been reported in the literature. In the present study, we therefore used a selective Kv 11.1 channel opener to investigate the involvement of this channel in the analgesic activity of amiodarone. However, the results did not indicate any involvement of Kv 11.1 in the analgesic effects of amiodarone, as neither NS 1643 alone nor coadministration of amiodarone and NS1643 affected the nociceptive responses.

In addition to electrophysiological activity, amiodarone also has inhibitory effects on β-adrenergic receptors.[@CIT0007],[@CIT0008] Some evidence suggests that β-adrenergic receptor antagonists have antinociceptive effects.[@CIT0011],[@CIT0012] However, amiodarone exerts inhibitory effects on β-adrenergic receptors via downregulation of the receptors and not via ligand interaction.[@CIT0010] This process takes some time, and the inhibitory effect on β-adrenergic receptors is more predominant in the chronic phase than in the acute phase.[@CIT0007],[@CIT0010]

The most clinically important result in the current study is that clinical doses of amiodarone affected nociception. Patients who receive amiodarone often have multiple cardiovascular risk factors, and pain plays an important role as a clinical indicator of acute cardiovascular events. Based on the present results, there is a possibility that the analgesic properties of amiodarone can mask pain induced by acute cardiovascular events.

The current study has some limitations. We used relatively young male mice that had no degenerative vascular or cellular changes. Future studies should test aged mice, because cardiovascular events and life-threatening arrhythmia are more common in older subjects. Additionally, although neither 50 nor 100 mg/kg amiodarone significantly reduced spontaneous activity, we cannot exclude the possible involvement of amiodarone's hypnotic effect in amiodarone-induced analgesic responses observed in the present study.

Conclusions {#S0005}
===========

Amiodarone induced dose-dependent analgesic responses during the acetic acid-induced writhing test, the formalin test, and the tail withdrawal test. The analgesic effects of amiodarone observed in the current study may be attributable to the inhibition of voltage-gated sodium channels. The results of the study indicate that amiodarone exerts analgesic effects via voltage-gated sodium channel blockage.
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